Nonalcoholic Fatty Liver Disease {#s1}
================================

Hepatic steatosis in the absence of significant alcohol intake or other identifiable cause is known as nonalcoholic fatty liver disease (NAFLD). Only recently recognized as a distinct disease entity, the term NAFLD encompasses a spectrum of severity ([Fig. 1](#F1){ref-type="fig"}). Sporadic and zonal steatosis is the most common manifestation of the disease, which may not progress or lead to liver pathology. However, some patients develop inflammation with fibrotic lesions, termed nonalcoholic steatohepatitis (NASH). The progression of NAFLD to NASH is likely multifactorial, but most models invoke insulin resistance, accumulation of toxic lipid species, and some form of inflammation or reactive species in the liver. It can also not be discounted that alcohol consumption could be factor even in NAFLD, as most people consume alcohol in addition to caloric excess.

![The histologic spectrum of NAFLD. Left: Steatosis without inflammation, hepatocyte ballooning, or fibrosis. Middle: Steatohepatitis with hepatocyte ballooning, Mallory-Denk bodies, lobular inflammation, and perisinusoidal fibrosis. Right: Cirrhosis with residual steatosis. Pictures were kindly provided by Dr. Elizabeth Brunt (Washington University School of Medicine in St. Louis).](dbi180024f1){#F1}

NASH is associated with a markedly increased risk of developing cirrhosis and hepatocellular carcinoma as well as other diseases not directly associated with liver damage, including increased risk of cardiovascular disease ([@B1]). Indeed, morbidity and all-cause mortality are increased in people with NASH compared with the general population ([@B1]). Powerful genome-wide association studies have demonstrated a clear genetic basis for susceptibility to NAFLD that may explain much of the difference in the incidence of NAFLD in various racial groups ([@B2]). However, the development and progression of this disease is closely associated with obesity and with the obesity epidemic, and NAFLD has now become the most common cause of liver disease in the U.S. Estimates of the worldwide prevalence of NAFLD range up to 35% in adults ([@B3]). With new and very effective treatments for hepatitis C virus, liver failure precipitated by NASH may already be the leading cause of liver transplantation in the U.S. Despite this, there are still no approved pharmacologic treatments for NAFLD/NASH, and this remains a major untreated public health issue.

The Role of Liver Cell Types in the Etiology of NASH {#s2}
====================================================

The liver is made up of several cell types that each play pivotal roles in the pathophysiology of the liver. Hepatocytes are the parenchymal cells of the liver and make up the majority of the liver by mass ([@B4]). A number of types of immune cells are found in liver, including resident macrophages of the liver (Kupffer cells), infiltrating macrophages, T cells, and neutrophils. Stellate cells are fibroblast-like cells that, when activated, translocate to sites of inflammatory lesions and secrete the extracellular matrix that leads to the development of fibrosis that occurs in response to many forms of liver injury, including NASH. Therapeutics that directly prevent or reverse stellate cell activation (antifibrotics) also have excellent promise for treating NASH and are under development but will not be discussed given the metabolic focus of this review. It is clear that the various types of cells in the liver have elaborate networks of intercellular communication. For instance, hepatocytes play an important role in activating stellate cells from a quiescent state to the matrix-secreting myofibroblasts by release of several proinflammatory cytokines, chemokines, mitochondrial DNA, lipids, or microRNAs. Several examples indicate that alleviating metabolic stress in hepatocytes can lead to diminished activation of stellate cells by reducing the release of these activating factors.

Hepatocytes are responsible for the major physiologic and metabolic functions of the liver ([@B4]). To fuel these metabolic and nonmetabolic functions, hepatocytes take up and use large amounts of lipids as free fatty acids and lipoprotein remnants. Hepatocytes are the main cells in the liver for triglyceride storage and the cells in which lipid accumulates in NAFLD. In obesity, the uptake and synthesis of lipids exceed to the flux through utilization or secretion pathways, leading to a net increase in intrahepatic lipid. Hepatic and extrahepatic factors have been implicated in the development of NAFLD in obesity and will be discussed.

Interrelationships Between NAFLD and Insulin Resistance or Diabetes {#s3}
===================================================================

A number of studies conducted in humans and experimental animal models have linked hepatic steatosis and insulin resistance. Although the cause and effect relationship between lipid accumulation and insulin resistance is still open to debate ([@B5]), several groups have suggested that the accumulation of specific lipid species in liver leads to hepatic insulin resistance. Most studies suggest that the main storage lipid, triglyceride, is relatively inert, but other lipid intermediates have been mechanistically connected to impairments in insulin signaling. For example, diacylglycerol, the penultimate intermediate in the triglyceride synthesis pathways, and ceramide, a complex membrane lipid, have been shown to inhibit insulin signaling at the insulin receptor or proximal mediators ([@B6],[@B7]). It is also possible that the block in signaling occurs further downstream in the insulin signaling cascades by mechanisms that remain to be determined ([@B8]).

There is also excellent evidence that insulin resistance is also a driver of the progression of NAFLD ([Fig. 2](#F2){ref-type="fig"}). Diabetes is highly predictive of the progression of simple steatosis to the more injurious NASH ([@B9]). Impairments in insulin signaling in hepatocytes could lead to perturbations in intermediary metabolism that contribute to lipid accumulation in these cells. For instance, obesity and NAFLD are associated with increased rates of hepatocyte de novo lipogenesis ([@B10]), which may be relatively low in normal human liver but is a significant contributor in obesity-related NAFLD. Hyperinsulinemia caused by peripheral insulin resistance can stimulate hepatic de novo lipogenesis through arms of the insulin signaling pathway that seem to be intact (selective insulin resistance). Insulin resistance in adipose tissue can dysregulate adipose tissue lipolysis to increase flux of fatty acids from adipocytes to the liver ([@B11]) ([Fig. 2](#F2){ref-type="fig"}). In addition, diminished mitochondrial fat oxidation may also play a role in the accumulation of fat, though there is also evidence that mitochondrial oxidative metabolism is actually increased ([@B12]) and that the mitochondrial impairments may be a later manifestation of the progression of NASH ([@B13]). Impairments in the process of autophagy in hepatocytes and other types of cells may also contribute to the pathogenesis of NASH ([@B14]), including the failure to break down stored fat via lipophagy and accumulation of damaged mitochondria due to impaired mitophagy. Regardless of the cause and effect relationship between insulin resistance and NAFLD, therapeutics that improve both hepatic steatosis and other metabolic derangements will almost certainly have a beneficial effect on overall cardiometabolic risk.

![Interactions between insulin resistance and NAFLD. Insulin resistance can promote NAFLD by leading to increased release of free fatty acids by adipose tissue and hyperglycemia/hyperinsulinemia, which promotes hepatic de novo lipogenesis. The contribution of dietary fat also cannot be discounted. Hepatic steatosis is also associated with developing/exacerbating systemic insulin resistance by direct and indirect mechanisms.](dbi180024f2){#F2}

Development of NASH Therapeutics {#s4}
================================

Exercise interventions and weight loss due to caloric restriction are known to be quite effective at reducing liver fat and improving NASH end points. However, these interventions have proven to be difficult to maintain long term as weight regain recidivism is very high and exercise regimens are unsustainable for many individuals. Thus, a number of therapeutic approaches have been tried in experimental models and clinical trials.

One of the challenges in developing NASH therapeutics are well-known issues with mouse models of the disease. Mice readily develop hepatic steatosis, but producing bridging fibrosis, cirrhosis, and hepatocellular carcinoma requires extensive manipulation and/or experiments with a very long duration. The translational value of these manipulations may be questionable. Mice also have a variety of differences in lipid metabolism, including higher reliance on hepatic de novo lipogenesis and differences in lipoprotein metabolism. This may give false confidence in agents targeting these pathways or obscure untoward effects, such as raising LDLs. Dietary models include the methionine and choline--deficient (MCD) diet, high-fat diets of varying compositions, fructose-containing diets, and high-cholesterol diets ([@B15]). The MCD diet results in significant steatohepatitis, but mice fed a MCD diet tend to lose weight rather than becoming obese. Most recently, diets containing high levels of fat and fructose in combination with added cholesterol have become popular and have been shown to induce signs of NASH ([@B16]). However, although these fat/fructose/cholesterol-containing diets can reliably produce findings consistent with NASH, the amounts of these nutrients are much higher than physiologic conditions in humans ([@B17]). Frequently used genetic models include *ob/ob* mice, *db/db* mice, and genetically engineered mice often superimposed with dietary or toxin administration ([@B17]), which all have their caveats. It is likely that other species, such as rats, hamsters, or pigs, may have more translational value, but these models are less genetically tractable compared with mice for mechanistic insights. Thus, preclinical results with NASH therapeutics must be viewed with caution until validated in clinical trials.

A number of end points, including liver fat content and inflammation, circulating levels of transaminase enzymes, and other metabolic parameters, are often measured as outcomes in preclinical and clinical studies. However, regulatory agencies will require that a successful phase III trial for NASH will either *1*) improve histologic NAFLD activity scoring (NAS), which assesses steatosis, lobular inflammation, and hepatocyte ballooning, without exacerbating fibrosis or *2*) reduce fibrosis scoring by at least one stage without exacerbating NAS. Results discussed below should be viewed in this context. To begin, current clinically used antidiabetes therapies will be outlined, but metformin, the first-line therapeutic, has largely been ineffective at treating NASH and will not be discussed. The final section will focus on other metabolic targets currently in clinical development. The present work will not be discussing novel therapeutics attempting to suppress fibrogenesis or target inflammation, which also show much promise. Also, given the wide variety of agents in development, it will not be possible to capture all of the therapeutic targets and I have focused on therapies already in clinical trials.

Clinically Used Antidiabetes Therapies for Treating NASH {#s5}
========================================================

Glucagon-Like Peptide 1 Modulators {#s6}
----------------------------------

Glucagon-like peptide 1 (GLP1) is an endogenous hormone produced by the intestine and some areas of the brain that regulates blood glucose levels by enhancing the secretion of insulin by β-cells and metabolic effects on a variety of tissues ([@B18]). GLP1 mediates its effects through a G-protein--coupled receptor that is expressed in many types of cells, including hepatocytes. The half-life of GLP1 in the plasma is very short due to the actions of a protease (dipeptidyl peptidase 4 \[DPP4\]) that cleaves GLP1 to inactivate it. To harness the potential beneficial effects of GLP1 activation, therapeutic efforts have focused on GLP1 receptor agonists that are not subject to proteolytic inactivation (e.g., exenatide, liraglutide, and semaglutide) and on inhibitors of DPP4 (the gliptins) to prolong the half-life of the endogenous hormone.

Preclinical studies have shown that GLP1 receptor agonists reduce hepatic steatosis and markers of liver injury in rodents, often in concert with effects on reducing body weight ([@B19],[@B20]). It is believed that at least some of the effects of these agonists are due to direct effects on hepatocytes, which express the GLP1 receptor ([@B20]). Currently, exenatide and liraglitude are both in later-stage clinical trials for NASH. Previous work in people using liraglitude has suggested that it is effective at resolving NASH in a notable percentage of subjects ([@B21]). Liraglitude did not improve fibrosis in this 48-week study but met the criteria for NASH resolution without exacerbating fibrosis. Given the beneficial effects of these injected drugs on a variety of metabolic end points while being well tolerated, it is very possible that GLP1 receptor agonism is a viable therapeutic option for treating NASH.

Insulin Sensitizers {#s7}
-------------------

The thiazolidinediones (TZDs) pioglitazone and rosiglitazone are insulin-sensitizing agents that act as agonists for a nuclear receptor, the peroxisome proliferator--activated receptor γ (PPARγ) ([@B22]). PPARγ is most highly expressed in adipose tissue, where it serves an essential role in the regulation of adipocyte differentiation, adipogenesis, and lipid metabolism ([@B23]) as well as suppressing inflammation ([@B24]). PPARγ activation may suppress hepatic steatosis by promoting fat storage in adipocytes and decreasing adipose tissue lipolysis, thereby decreasing the concentration of fatty acids presented to the liver. TZDs also stimulate release of adipokines, including adiponectin, which enhance hepatic fatty acid oxidation. In rodent models, there is some evidence that strong activation of PPARγ in liver can actually exacerbate hepatic steatosis ([@B25]). However, this has not been seen in humans, and this may be a rodent-specific effect. The effects of TZDs in various tissues and how this impacts their beneficial effects on NASH have not been carefully teased apart.

Of the TZDs in clinical use, rosiglitazone is the most potent PPARγ ligand ([@B22]). In many rodent models, rosiglitazone almost universally reduces inflammation, fibrosis, and hepatic stellate cell activation ([@B26]). In humans, rosiglitazone treatment reduced plasma transaminase levels but failed to produce improvements in histologic features, such as fibrosis, hepatocyte ballooning, and inflammation ([@B27]). Moreover, concerns regarding weight gain and cardiovascular side effects have severely curtailed use of this drug as an insulin sensitizer.

Pioglitazone is a less potent PPARγ agonist compared with rosiglitazone ([@B22]) but clinically is very effective and is associated with fewer side effects ([@B28]), though weight gain is often seen in response to the drug. The role of pioglitazone in NAFLD has been evaluated in rodent studies using a variety of high-fat diets and has been shown to decrease hepatic triglyceride content and prevent ([@B29]) or reverse ([@B30]) hepatic fibrosis, including direct effects on stellate cell activation. There have been numerous clinical trials with pioglitazone over the years. A recent meta-analysis using randomized, placebo-controlled trials concluded that pioglitazone improved hepatic fibrosis, whereas rosiglitazone did not ([@B31]). The observation that the less potent PPARγ agonist pioglitazone may be superior for suppressing fibrosis perhaps suggests PPARγ-independent effects. As pioglitazone can be used at higher doses compared with rosiglitazone, it could engage alternate targets, such as the mitochondrial pyruvate carrier discussed later.

Sodium--Glucose Cotransporter 2 Inhibitors {#s8}
------------------------------------------

The sodium--glucose cotransporter 2 (SGLT2) is a solute carrier that is highly expressed in kidney. SGLT2 inhibitors have been used since 2013 to lower blood glucose in patients with diabetes by preventing the kidneys from reabsorbing glucose, causing it to be released in urine. SGLT2 inhibitors currently in use include canagliflozin, dapagliflozin, ertugliflozin, empagliflozin, and ipragliflozin. SGLT2 is also expressed in other organs, including the heart, and other recent work has suggested that these inhibitors may also have beneficial effects on cardiovascular outcomes and risk ([@B32]) and, often, weight loss. Thus far, the SGLT2 inhibitors have been relatively well tolerated, though there may be an increased risk of amputation, acute kidney failure, and ketoacidosis in patients with diabetes taking them ([@B33]).

There has been recent work conducted in mice and other model organisms that suggests SGLT2 inhibitors hold promise for treating NASH. In a mouse model of NASH and hepatocellular carcinoma, canagliflozin reduced hepatic steatosis, fibrosis, and tumor incidence ([@B34]). Another SGLT2 inhibitor, ipragliflozin, also prevented liver steatosis and fibrosis in the MCD diet model ([@B35]). A 1-year study demonstrated that canagliflozin reduced transaminitis in patients with diabetes, but histologic analysis or other measures of hepatic steatosis and injury was not evaluated ([@B36]). Indeed, it does not appear that this has been evaluated in patients to date. However, empagliflozin is currently in a clinical trial that will determine whether this drug successfully attenuates NASH.

Agents in Clinical Development That Target Metabolism {#s9}
=====================================================

Inhibitors of De Novo Fatty Acid Synthesis {#s10}
------------------------------------------

As described above, hepatic de novo lipogenesis is activated in obesity and may be an important contributor to the development of NAFLD and hepatic insulin resistance. Several inhibitors of enzymes involved in the conversion of carbohydrates to new lipids have entered preclinical development with the idea of targeting this pathway.

Ketohexokinase (KHK) catalyzes the conversion of fructose to fructose-1-phosphate, which shunts this dietary sugar into the pathway of de novo lipogenesis ([Fig. 3](#F3){ref-type="fig"}). Recent work has suggested that mice lacking this enzyme are protected from a variety of metabolic abnormalities in the context of fructose feeding ([@B37]). Phase I clinical trials have been completed to evaluate the effects of ketohexokinase inhibitors (KHKi) on NAFLD end points, and results are pending.

![Investigational drugs for treating NASH. The proposed sites of action of various experimental NASH therapeutics are shown. Agonists for the PPARs, TRβ, and FXR nuclear receptors likely work by stimulating mitochondrial fatty acid oxidation. MPC inhibitors (MPCi) work by attenuating flux of pyruvate into mitochondrial pathways and likely stimulating fat oxidation. Inhibitors of various steps in de novo lipogenesis are also shown and include KHKi, ACCi, FASi, SCD1i, and DGATi. DAG, diacylglycerol; F-1-P, fructose-1-phosphate; FAO, fatty acid oxidation; TCA, tricarboxylic acid.](dbi180024f3){#F3}

Acetyl-CoA carboxylase enzymes (ACC1 and ACC2) convert acetyl-CoA to malonyl-CoA ([Fig. 3](#F3){ref-type="fig"}), which is a committed step in de novo lipogenesis. Malonyl-CoA is also an important signaling intermediate that is an allosteric inhibitor of fatty acid oxidation. Inhibition of ACC (ACCi) therefore has the potential to inhibit lipogenesis and to stimulate mitochondrial fatty acid oxidation. Knockdown of ACC1 and ACC2 showed potential at reducing hepatic steatosis ([@B38]), and small-molecule inhibitors of ACCs attenuated steatosis and reduced inflammation and fibrosis in rodent models ([@B39]). However, liver-specific ACC1 and ACC2 knockout mice actually exhibit worse hepatic steatosis due to impaired mitochondrial fat oxidation ([@B40]). Several inhibitors of ACC are in various stages of clinical development. Recently, it was reported that in clinical trials with an inhibitor and in liver-specific ACC1/2 double knockout mice, targeting this enzyme is very potent at reducing de novo lipogenesis but raises the plasma triglyceride concentration significantly ([@B41]). This is believed to occur due to a reduction in polyunsaturated fatty acid synthesis, leading to activation of SREBP1, which stimulates VLDL secretion. The consistency in elevation in blood triglyceride content with chemical inhibition in humans and the knockout mouse model could suggest a class side effect.

Fatty acid synthase (FAS) contains multiple enzymatic active sites sufficient to catalyze the elongation and reductive reactions necessary to use malonyl-CoA generated by ACC to synthesize palmitate, a saturated fatty acid containing 16 carbons ([Fig. 3](#F3){ref-type="fig"}). Studies with a liver-directed FAS inhibitor reduced hepatic steatosis ([@B42]), and clinical trials with a potent inhibitor of FAS (FASi) are also ongoing.

Steroyl-CoA Desaturase 1 Inhibitors {#s11}
-----------------------------------

After de novo synthesis or dietary absorption, saturated fatty acids can be converted to unsaturated fatty acids by steroyl-CoA desaturase (SCD) enzymes ([Fig. 3](#F3){ref-type="fig"}). Because of the distinct biophysical properties and signaling effects of these different lipids, these enzymes could have a very profound effect on liver physiology and metabolism. Obesity and hepatic steatosis are well known to robustly induce the expression of SCD1 ([@B43]), and rodents lacking SCD1 in liver specifically are protected from developing hepatic steatosis ([@B44]). However, the effects of deleting SCD1 seem to be tissue specific, and some data suggest that SCD1 deletion may exacerbate liver injury in NASH ([@B45]). Aramchol is a chemical inhibitor of SCD1 in clinical testing for treatment of NASH. Earlier trials showed that Aramchol reduced liver fat content in people ([@B46]) and in mice fed the MCD diet and reduced hepatic lipid accumulation and fibrosis ([@B47]). Data from chemical and genetic SCD1 inhibition have suggested that attenuating its activity may direct fatty acids toward an oxidative fate ([@B43]). Moreover, there is some evidence that the monounsaturated fatty acids produced by SCD1 in liver can have signaling effects on other tissues ([@B48]), suggesting multifactorial effects on systemic metabolism.

Diacylglycerol Acyltransferase Inhibitors {#s12}
-----------------------------------------

As their name indicates, diacylglycerol acyltransferase (DGAT) enzymes catalyze the addition of a fatty acid to diacylglycerol to form triglyceride ([Fig. 3](#F3){ref-type="fig"}). In animal models, the data suggest that preventing the esterification of fatty acids promotes their oxidation in β-oxidation pathways. Two isoforms of DGAT enzymes have been characterized (DGAT1 and DGAT2) with a distinct pattern of expression in various metabolic tissues ([@B49]). Pharmacologic or genetic inhibition of DGAT1 in mouse liver significantly improved hepatic steatosis, fibrosis, and insulin sensitivity ([@B50],[@B51]). Human mutations in DGAT1 have been linked to severe congenital diarrhea syndrome due to malabsorption ([@B52]), potentially suggesting that DGAT inhibitors (DGATi) may elicit diarrheal side effects if active in intestine. Interestingly, knockdown of DGAT2 reduced hepatic steatosis ([@B53]) but actually exacerbated liver injury with the MCD diet ([@B54]). Currently, two DGAT targeting agents are in clinical development including a small-molecule DGAT1i and an antisense oligonucleotide to knock down the expression of DGAT2 in liver. The injectable antisense oligonucleotide may be beneficial in that it may spare intestinal DGAT activity and avoid diarrheal side effects, but questions remain regarding whether liver injury with DGAT2 inhibition will translate to humans.

Mitochondrial Pyruvate Carrier Inhibitors {#s13}
-----------------------------------------

Studies conducted in a variety of animal models have suggested that activating mitochondrial oxidative metabolism in liver could be an effective target for NAFLD by stimulating fat catabolism and promoting the disposal of excess fat. One compound targeting mitochondrial metabolism directly that has reached clinical trials for NASH surprisingly targets mitochondrial pyruvate metabolism. Pyruvate is produced in the cytosol but must enter the mitochondrial matrix by the mitochondrial pyruvate carrier (MPC) ([@B55]) to be further metabolized ([Fig. 3](#F3){ref-type="fig"}). TZDs, including pioglitazone and rosiglitazone, interact with and inhibit the MPC at physiologic concentrations ([@B56]). MSDC-0602, a novel TZD with a very low affinity to bind or activate PPARγ ([@B57]), also binds the MPC ([@B58]) and has potent insulin-sensitizing effects in mouse models of obesity and diabetes ([@B57]).

How does inhibiting the MPC complex to suppress pyruvate flux into mitochondrial pathways elicit insulin sensitization and beneficial effects on NASH end points? As mitochondrial pyruvate metabolism is required for gluconeogenesis from pyruvate, MPC inhibition reduces hepatic glucose production. Genetic deletion of the MPC complex in mouse liver prevents diabetes in *db/db* or high-fat--diet fed models ([@B59],[@B60]). It is possible that altered redox status via NAD^+^ generation by pyruvate being converted to lactate and/or stimulation of fatty acid oxidation as an energy source provides a mechanistic explanation for the effects. In addition, there is evidence that inhibition of the MPC specifically in hepatocytes promotes intercellular communication to suppress activation of stellate cells ([@B61]). Targeting MPC in hepatocytes prevented or reversed signs of NASH in a dietary model of liver injury and fibrosis ([@B61]) in association with reduced hepatic oxidative damage ([@B61]). MSDC-0602 is currently in a 52-week phase II clinical trial to evaluate its efficacy for treating NASH.

Thyroid Hormone Receptor β Agonists {#s14}
-----------------------------------

The thyroid hormone mediates its effects by engaging the thyroid hormone receptor (TR)α and TRβ receptors to control myriad essential cellular and organismal functions, including important roles in stimulating oxidative metabolism. Whereas the side effects of thyroid hormone administration are too risky to warrant use as a treatment for metabolic disease, selective engagement of the TRβ isoform in liver has emerged as a potential treatment for NASH. MGL-3196 is a liver-directed TRβ agonist ([@B62]) that likely enhances fatty acid catabolism to promote fat burning and alleviate hepatic steatosis and dyslipidemia ([Fig. 3](#F3){ref-type="fig"}). Though a peer-reviewed report has not yet emerged, a recent clinical trial with MGL-3196 was reported to be well tolerated and result in lower liver fat and plasma transaminase levels while improving fibrosis and NAS in a 36-week study. MGL-3196 also significantly reduced plasma LDL cholesterol and triglyceride concentrations ([@B63]). Longer-term clinical studies will define whether these effects and tolerability are sustained and whether efficacy is improved by longer drug exposure.

Farnesoid X Receptor Agonists {#s15}
-----------------------------

Originally considered a nuclear receptor for farnesyl, farnesoid X receptor (FXR) is now known to be a receptor for bile acids and their derivatives that is highly expressed in intestine and liver ([@B64]). Activation of the receptor suppresses the expression of several enzymes involved in cholesterol and bile acid synthesis. This constitutes a negative feedback loop to maintain physiologic levels of these lipids. FXR activation also stimulates the production of FGF19, an atypical hormone regulator of metabolism and bile acid homeostasis that has been linked to improvements in NASH ([@B65]).

In preclinical studies, a variety of FXR agonists have been shown to attenuate hepatic steatosis, reduce inflammation, and prevent fibrosis ([@B66]--[@B68]). Obeticholic acid (6α-ethyl-chenodeoxycholic acid) is a semisynthetic bile acid analog that is a very potent FXR agonist that has reached phase III clinical trials. Phase II clinical trials showed excellent effects on hepatic inflammation and fibrosis in patients with NASH ([@B69]), and this compound has received U.S. Food and Drug Administration approval for treating primary biliary cholangitis. Concerns around effects on elevating plasma LDL cholesterol concentrations and potential dosing issues remain for obeticholic acid, yet the effects on NASH end points hold excellent promise. It remains to be determined whether other FXR agonists in development share the signature of plasma lipid alterations.

PPAR Dual Agonists {#s16}
------------------

The PPAR family of nuclear receptor transcription factors is composed of PPARα, PPARβ/δ, and PPARγ. In addition to the TZD PPARγ agonists, small-molecule modulators that serve as dual or pan-agonists for PPAR family members have also been explored as treatments for NASH. PPARα is most highly expressed in the liver and regulates fatty acid uptake, β-oxidation, ketogenesis, bile acid synthesis, and triglyceride turnover ([@B70]). The PPARδ isoform is most highly expressed in muscle, but also in liver and other tissues, where it is involved in regulating mitochondrial metabolism and fatty acid β-oxidation ([@B71]) ([Fig. 3](#F3){ref-type="fig"}). Because PPARs have relatively large ligand binding pockets, it has been possible to design agonists that activate multiple isoforms. For example, IVA337 is a PPARα/δ/γ pan-agonist that has shown promise as an insulin-sensitizing and antifibrotic agent in preclinical models ([@B72]), leading to ongoing clinical trials.

A PPARα/δ dual agonist (GFT505, also known as elafibranor) has been examined for efficacy in treating NASH. Using various rodent models of NASH, treatment with GFT505 demonstrated improvement in histologic measures of NASH, decreased hepatic triglyceride content, and diminished expression of inflammatory cytokine and fibrosis markers ([@B73]). These effects on NASH end points were mediated independently of PPARα as PPARα knockout mice still responded to the drug. However, GFT505 treatment did not improve plasma triglyceride or free fatty acid levels in the knockouts, suggesting both PPARα-dependent and -independent effects ([@B73]). In humans, GFT505 caused a significant reduction in ALT compared with placebo control subjects ([@B74]) but did not resolve steatosis, ballooning, or inflammation scoring ([@B75]). However, subgroup analysis indicated that there may be an effect on fibrosis in patients with a higher baseline fibrosis.

Saroglitazar is a PPARα/γ dual agonist that predominantly activates PPARα ([@B76]). Saroglitazar has insulin-sensitizing and lipid-lowering effects in mice and reduces adipose tissue inflammation ([@B77]). In a choline-deficient diet mouse model, saroglitazar reduced steatosis, transaminitis, hepatocyte ballooning, inflammation, and fibrosis ([@B78]). On the basis of these promising preclinical findings, clinical trials have been initiated. Previous PPARα/γ dual agonists developed to target cardiometabolic disease have stalled in late-stage clinical trials due to issues with toxicity. It is possible that higher relative affinity of saroglitazar for PPARα will mitigate these issues.

Conclusions {#s17}
===========

Although NAFLD, like other obesity-related metabolic diseases, is highly treatable by exercise or weight loss due to lifestyle interventions or bariatric surgery, there is a need to develop therapeutic approaches to treat this widespread disease of the liver. Improving insulin sensitivity and intermediary metabolism treats the root causes of hepatic steatosis and NASH and is highly promising as a therapeutic avenue. The key will be to identify ideal targets and compounds with minimal side effects as improvements in glycemia with metformin are not sufficient to impact NASH end points and patients receiving these drugs will likely be on them for a lifetime. Current approaches in clinical development include targeting systemic insulin sensitivity and lipogenic enzymes and stimulating fatty acid oxidation by a variety of mechanisms. Several ongoing late-stage clinical trials hold promise that an effective treatment for NASH that also may have beneficial effects on systemic metabolism and cardiometabolic risk will be found in the near future. Finally, given the intrinsic heterogeneity of NASH caused by the well-recognized genetic linkages and diversity of diets human societies consume, it is possible that a personalized medicine approach will be needed to tailor the right metabolic therapy to optimize treatment regimens.
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